Abstract-To decrease the effort to detect micromechanical features by touch probe measuring systems, multiple touch probes composed in an array are used to measure some of these structures at the same time, owing to the alignment of many similar structures on a wafer. While in previous works the touch probe signal is read out electrically, using optical techniques by observing the reflective back plane of the micro probe array is a promising approach to detect the displacement of several touch probes simultaneously. In this investigation a structured illumination measurement system is used to detect the deflection of the micro touch probes. By detecting several fringe patterns with different periods, orientations, and phase-shifts a correlation between the coordinate of a CCD camera pixel and the observed monitor pixel coordinate can be obtained. A deflection of the touch probe leads to a deformation of the reflective back plane of the micro probe array and, thus, a different monitor pixel coordinate is observed by the CCD pixel. Using an image obtained with an undeformed touch probe array as a reference, the displacement of the touch probe can be derived.
I. INTRODUCTION
Micromechanical structures often include large aspect ratios and steep flanks. For this reason touch probe measurements have been proved to excel optical methods. However, due to the large number of microstructures on a single wafer and the need of multiple measurements for a single feature using a single touch probe is a very time consuming task. For this reason usually only spot checks are applied.
Microstructures are typically produced in batch processes, i. e. many similar objects are produced simultaneously on the same silicon wafer. A promising approach to improve tactile measurements would be to use a measurement system combining multiple touch probes. By this measuring several microstructures at the same time would be possible, thus reducing the time that is necessary for the measurement and/or increasing the number of testable elements on the wafer.
For tactile measurements in the nanoscale regime there are some approaches using AFM cantilever arrays in a wide area of applications not only in dimensional metrology, e. g. [2] - [7] . The deflection of the cantilever tips is detected ether electronically, i.e. by piezoresistive sensors or optically, e. g. by interferometry.
Touch probes used for measurements in the micrometer scale are usually styluses placed on a membrane, e. g. made from silicon [8] . Conventionally these measuring systems convert the mechanical stresses induced by the deflection of the touch probes into electrical signals, either by piezoresistive [8, 9] or by capacitive [10, 11] or inductive [12] sensors. There also are approaches that use optical techniques to detect the touch probes' deflection, e. g. by using a combination of focusing and interferometric principles [13] . However, the latter approaches usually cover single touch probes only.
In [1] multiple touch probes arranged in an 3×3 array are used to measure several micromechanical structures at the same time (see Fig. 1 ). In this setup the micro probes have to be placed with the same spacing as the objects to be measured. The probe array then has to be aligned so that each touch probe is in contact with the target point at its corresponding object. As mentioned above, the displacement of the touch probes is detected electronically. Depending on the design the number of contact pads on a typical 3×3 micro probe array is in the range from 14 (combining the columns and rows in the array in serial connection) to 90 (based on single micro probe setup), increasing with the array size (see Fig. 2 ). This leads to a large number of electric contacts and wiring necessary for data acquisition.
Determining the touch probes' deflection by optical means would be a possibility to decrease the effort significantly, enabling the development of larger touch probe arrays, e. g. with 5×5 or 10×10 touch probes. While recently an approach observing the reflected wave fronts with a Shack-Hartmann sensor was presented [14] , in this approach a structured illumination measurement system is used to detect the displacement of the touch probes.
II. EXPERIMENTAL SETUP
In Fig. 4 the experimental setup of the measuring system is shown. An LC display located on one side of the touch probe array is used to display a fringe pattern 1 . Opposite to the LC display a CCD camera is placed in a way that an observation of the fringe pattern reflected by the back plane of the micro touch probe array is possible. 1 In this setup a standard monitor was used. To get a more compact setup a smaller display, e. g. a cell phone display could be considered.
The probe array used in this investigation is composed of 3×3 micro touch probes manufactured from a single silicon wafer with an area of 20×20 mm 2 . A schematic of such a micro touch probe is shown in Fig. 3 (a) . The basic structure bearing each probing stylus is a Si boss membrane etched into the Si substrate. The probing stylus is applied to the boss structure in the center of the membrane. At the end of the stylus a ruby ball (diameter 300 µm) is attached.
As can be seen in Fig. 4 , only three styluses were mounted for this investigation. These represent the characteristical positions of the touch probes at the side, at the corner, and in the center of the probe array, respectively. To distinguish the probe positions properly also on the unstructured back plane of the micro probe array, four circular markers were etched into the silicon wafer.
For the displacement of the micro probes a piezoelectric actuator (piezosystem jena d-Drive) was used. This device allows a maximum displacement of 80 µm in x, y or z direction, with an uncertainty of positioning below 0.01 µm. The piezoelectric actuator was placed below the micro probe array that was mounted horizontally. By doing this the influence of gravitation could be diminished.
Two principal types of displacement can be distinguished, depending on whether the load is imposed vertically or horizontally (see Fig. 3 (b) ). A vertical deflection of the touch probe leads to an elevation of the boss structure, while a horizontal deflection results in a tilting of the boss structure. In both cases the deflection of the touch probe leads to mechanical stresses at the transition from the silicon membrane to the boss structure or silicon substrate.
A. Measurement principle
In the measurement setup described above the rear surface of the silicon substrate is actively integrated in the imaging process as a deformable mirror. Each pixel of the camera looks via this mirror onto a specific location on the display. So the deviation of this observed location during the probing process is a measure for the local deformation of the silicon surface which itself depends on the displacement of the stylus. With a proper calibration it is possible to measure the displacement of each stylus in parallel. For this deflectometric measurement principle it is necessary that the display as the reference surface is spatially encoded in an absolute manner, so that the observed location for each camera pixel can be calculated directly from the intensity value in the image. Optical measurement systems that use intensity patterns to spatially encode an object are referred to as "structured illumination" techniques. Among others, a widely applied coding approach is based on multiple phase-shifted harmonic fringe patterns. In this case the actual coding takes place in the time domain, as the phase-shifted patterns are usually recorded sequentially. The recorded intensity I i for each pixel in the i-th phase-shifted image can be written as a sum of an unmodulated constant and a modulation term:
The unknown phase value ϕ can then be calculated by means of a phase-shift algorithm. In contrast to interferometry where the phase-shifting algorithms are adapted to the reduction of systematic errors, deflectometry widely uses an algorithm that is based on evenly spaced phase-shifts over one period which is optimal in terms of phase noise:
with the well known 4-step algorithm for M = 4 [15] :
This calculation yields the unknown phase value ϕ modulo 2π. Several methods for unwrapping have been proposed. A method that is both robust and accurate is the heterodyne unwrapping where the phase-shift evaluation is done at slightly different period values of the fringes displayed on the screen. The beat signal composed of two phase signals has a much higher period value and can be used to unwrap the underlying signals. Because of a limited signal-to-noise ratio (SNR) the unwrapping onto the whole measurement range should be done in 2 stages so that a third measurement at another period value is needed. As this method is only sensitive perpendicular to the fringe direction it has to be done both with horizontal and vertical fringes, resulting in a total of 24 images for one measurement, yielding the coordinates of the observed location on the display for each camera pixel.
III. RESULTS
In the following section the results of an optical detection of the micro touch probe deflection in z as well as x and y direction are presented. 
A. z direction
To measure the deflection of the probing ball, it is necessary to calculate a deflection measure from the raw data. In Fig. 5 (a) the raw data for the vertical direction y display is shown for a probe deflection in z direction of about 14 µm. As can be seen it increases linearly with the image coordinate y image in the undeformed regions of the silicon substrate. Only in the membrane above and below the boss structure (bold rectangle) a large deformation is clearly apparent. As only the deformation, i. e. the deviation of form, is relevant for the further processing, a reference measurement with an undeformed substrate has to be subtracted. The resulting deviation ∆y display for the boss structure is visualized in Fig. 5 (b) . It can be seen that a shift of about 1.9 pixel can be observed in the whole area. The residual waviness in vertical direction of about 0.3 pixel are most likely caused by aliasing errors. A cross section (dashed line in Fig. 5 (a) ) of the observed deviation is shown in Fig. 5 (c) for different deflections of the probing ball. The deviation curves are combinations of overshoots in opposite directions for the membrane and flat plateaus for the boss structure. Therefore the mean value ∆y mean of the boss image patch (size 46 × 28 pixel) has been chosen as the deflection measure.
For the calibration of the measurement system it has to be taken into account that there is an unknown offset between the movement of the piezoelectric actuator and the displacement that is applied to the boss structure as it is not possible to accurately detect contact between the probing ball and the silicon surface visually. This offset value is calculated by means of a linear regression of data points with a mean deviation ∆y mean between 0.1 and 1.5 pixel. The zero crossing of the resulting linear function can then be used to correct the applied deflection values for the unknown offset. The resulting characteristic curve is shown in Fig. 5 (d) .
For negative values of the probe deflection z probe the measured deviation ∆y mean is zero as the probing ball is not yet in contact with the surface of the test sample. For positive deflections up to 10 µm the linearity of the characteristic curve is very good with a slope of 0.14 pixel per µm. For deflections above 10 µm the curve gets slightly nonlinear, this will be subject to further investigation.
A sensitivity analysis has been conducted by means of 10 repeated measurements. The resulting standard deviation of ∆y mean is 0.0056 pixel or 40 nm, respectively. This result is in good accordance with the observed spread of individual deviation values ∆y display (see Fig. 5 (c) ) of about 0.2 pixel yielding a standard deviation for the mean of 46 × 28 = 1288 data points of 39 nm.
B. xy direction
For the measurement in the x and y direction, the setup has been slightly modified to optimize the sensitivity in the horizontal directions and to minimize the cross-sensitivity in the vertical direction. The angle between the optical axis of the camera and the normal directions of both substrate and display has been chosen to be as small as possible. Nevertheless the basic evaluation principle is the same as for the z direction. For the further analysis, both the x and y direction will be combined into a vector notation where u is the vector comprised of the deviation values ∆x display and ∆y display (the symbol u has been chosen to reflect the analogy to the voltage values for conventional electrical readout):
and the vector d for the deflection of the touch probe in the xy plane:
The resulting values for u for the area of the silicon membrane and the boss structure are displayed in Fig. 6 in polar coordinates as the radius |u| and the angle arg(u) for the maximum applied probing deflection in both the x and y direction. As can be seen, the silicon membrane deforms in a complex manner, whereas the boss structure (bold rectangle) exhibits a rigid body rotation, which can be identified in Fig. 6 as a constant magnitude and constant direction of about 0 and π 2 respectively. For the further processing of the data all measured values in the area of the boss are averaged, yielding a single deviation vector u for every measurement. The resulting sensor characteristic curves are plotted in Fig. 7 . In the upper part (a) the measured deviation in the probing direction is shown. It can be seen, that the linearity of the sensor is very good. However it comprises a slight cross-sensitivity up to 5%, which can be seen in Fig. 7 (b) where the cross-axis characteristic is plotted. This can be mainly attributed to a small rotation between the coordinate systems. For a probing in the xy plane both directions have to be calibrated simultaneously. As a first approach this has been done with a simple linear model. The following calculation resembles the calibration procedure used for electrical readout of the touch probes as described in [16] . With a calibrated measurement system the deflection of the touch probe d will be calculated from the measured deviation u by multiplication with a sensitivity matrix A:
The aim of the calibration procedure is thus to find an optimal estimate for A, that maps the known deflection of the piezo-actuator d to the measured deviations u. This can be done by writing Eq. 6 in another way so that elements of the matrix are grouped as a vector a and the deviations as a matrix U:
This equation is valid for each applied deflection value d i , so that all observations can be combined in an expanded deflection vector
. . .) T and an expanded observation matrix
The calculation of the best-fit sensitivity vector a, that minimizes the residuum |U * a − d * | 2 can then be done by means of the Moore-Penrose-Inverse (pseudoinverse) U + :
yielding the vector a and the sensitivity matrix A respectively. The results of the calibration together with reference measurements with a deflection angle of 30°and -60°r espectively are shown in Fig. 8 in the xy-plane. As can be seen the results are quite promising, although two issues can be identified. First, the measurement in the y direction (90°) exhibits a slight systematic deviation perpendicular to the probing direction. Second, for the −60°direction, which in contrast to the 30°direction was not covered directly by the calibration, a scaling error is evident resulting in positional deviations of up to 2 µm in the probing direction. Both will be subject to further investigation.
As in the case for the z direction a sensitivity analysis has been conducted by means of 10 repeated measurements. The resulting standard deviation is 0.0012 pixel or 6 nm, respectively. The same result can be calculated from the observed spread of individual deviation values of about 0.068 pixel for the mean of 66 × 51 = 3366 data points.
IV. CONCLUSION
The aim of the investigations on using optical methods to determine the displacement of micro touch probes is to find techniques that provide an easy and reliable detection with a measuring range and speed comparable to the conventional electrical readout. The project focuses on techniques that provide a full field information of a micro touch probe array. In the work presented here the application of a deflectometric measuring system for optical detection of a micro touch probe deflection was investigated. The deflectometric measuring system has proven to be sensitive enough to detect the contact between touch probe and measured object precisely. In addition to that, a linear correlation between the applied displacement of the micro touch probes and the detected deflection of the silicon membrane was found.
In contrast to the recently investigated Shack-Hartmann sensor [14] , where the measuring range was just a few µm, the full range of the applicable touch probe displacements of approximately 15 µm in z direction and approximately 40 µm was properly detectable. As the results are comparable to those obtained with conventional readout of the touch probes' deflection using piezoresistive sensors (see Fig. 9 ), this technique promises to provide an easier detection of the touch probe displacement than the conventional readout, particularly for touch probe arrays larger than the 3×3 array used in this investigation.
The aim of this approach was to investigate if the structured illumination principle is feasible to be used for the evaluation of the deflection of a micro touch probe array. For this task a deflectometric setup with temporal encoding was used that was available from other investigations at the institute. Using this setup 24 single images are necessary to evaluate the deflection of the silicon membrane. Owing to this the calculation of the touch probe displacement is [14] a time consuming task and just quasi-static measurements are possible. The measuring speed could be improved by using a camera with a higher image rate. Nevertheless, increasing the measuring speed is limited by the fringe projecting display that can not provide enough intensity to allow the application of high speed cameras for this purpose. Therefore an application of this setup is unlikely in measuring machines, where (near) real time information would be required. However, there are several methods and algorithms available, e.g. spatial encoding or Fourier methods [15, 17] , that allow to decrease the number of images needed for phase retrieval significantly.
The studies have shown that the structured illumination technique is suitable to be used for the optical readout of micro touch probe arrays. To apply this method for measuring machines more detailed investigations on the evaluation algorithms are necessary.
